In an atomic force microscope ͑AFM͒, it is possible to scan at high speeds without sacrificing resolution if the imaging is accomplished by combining the rapidly varying signal from the vibrating cantilever, which indicates the detailed surface features, with the more slowly varying feedback control signal to the piezotube. Scanning speed in this case is limited by the fundamental resonance of the cantilever-not, as in conventional AFM, by the feedback bandwidth-and about 10 s is required to image a surface area of 21 m 2 for 512ϫ512 scanning points.
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In atomic force microscopes ͑AFMs͒, 1 an atomically sharp tip interacting with a surface scans the surface features to produce an image. The tip is usually attached to a small cantilever and is used in the contact mode or the tapping mode. In the former, the tip is always in contact with the surface and in the latter the tip touches the surface only periodically as the cantilever vibrates. In an AFM under feedback control, the interaction is fed back to a piezotube to control the tip-surface distance. In the contact mode, controlling the distance maintains the force exerted by the cantilever on the surface. In the tapping mode, controlling distance maintains the amplitude or the phase of the tip oscillation. Thus, the control signal to the piezotube alone can be used to image the surface features. Since the piezotube has a low mechanical resonance frequency of few kilohertz, the feedback bandwidth available is so narrow that scanning has to be done slowly for the control signal to accurately trace the surface features. For a typical scanning speed of 1 s/line, a surface image consisting of 512 lines requires a time of about 9 min, which is much longer than the time needed for a scanning electron microscope. A small cantilever integrating a piezoelectric actuator and piezoresistive sensor 2,3 was found to be effective for obtaining a fast feedback response and preserved high throughput imaging. Sensitivity to displacement, however, was rather low, 2 e.g., 0.3 V/nm, while the use of an optical cantilever easily gives a much higher sensitivity, e.g., 5 mV/nm.
To increase throughput of the contact mode AFM, Barrett and Quate 4 removed the feedback loop and attained a high scanning speed of, e.g., 1 mm/s. Although some difficulties may arise from the force variation depending on the topography, their use of the fast response of the cantilever to trace the surface features is notable. The cantilever vibration in the tapping mode AFM 5, 6 is also notable for reducing the effects of the stick-slip or scratch motion problems which are often associated with the contact mode AFM. However, there has been little effort to obtain a high scanning speed in the tapping mode.
In this letter, we introduce a method for obtaining a high scanning speed for a tapping mode AFM using what we call a fast AFM. To image surface features, we use not only the feedback control signal to the piezotube, but also the amplitude signal from the vibrating cantilever which is used to generate the former signal. Instantaneous combination of these signals gives a surface image in a scanning time of 10 s for 512ϫ512 scanning points. After discussing the principle behind the fast AFM, we describe the tapping mode fast AFM.
Let us consider a feedback loop depicted in Fig. 1 , which consists of an error amplifier A and a device D. In D, the tip interacts with the surface and generates a cantilever signal a. The difference between a and a set-point level a 0 is then amplified by A. The output p of A controls the piezotube by which p is fed negatively back to a, thus closing the feedback loop. When the loop gain is sufficiently high, the feedback works well and the following holds,
where p 0 is the value of p which represents the surface topography in AFM with feedback control. That is, a is almost kept constant a 0 , and instead, the signal of the surface topography appears in p 0 upon scanning. When the feedback gain is insufficient, deviations in a and p will arise, i.e., ␦a ϭaϪa 0 and ␦pϭpϪp 0 , respectively. One is the case described by Eq. ͑1͒. The other is the case when p is assumed to be a constant. This case is nothing but the AFM without feedback control where the topography appears in the cantilever signal alone. As a test sample, we used an optical disk surface on which gold has been deposited, and which had a land-groove structure with a periodicity of 1.3 m and a step height of 55 nm. Figure 2 shows a block diagram for the tapping mode fast AFM. An oscillator ͑OS͒ drives the cantilever ͑NCH-10T, Nanosensors Inc.͒ near its resonance frequency ͑ϳ300 kHz͒. The oscillation amplitude of the cantilever is detected by an alternating-current ͑ac͒ to direct-current ͑dc͒ converter with a bandwidth of about 80 kHz ͑ac-dc͒, yielding a signal V c which corresponds to a in Eq. ͑2͒. Furthermore, V c is passed through a low-pass-filter ͑LPF͒ having a cutoff frequency below the fundamental mechanical resonance ͑ϳ2 kHz͒ of the piezotube ͑Fuji ceramics, Z45H-10X-12C͒, to certify instantaneous response of the piezotube. The LPF also works as an error amplifier like A in Fig. 1 . The resultant signal is the control signal V p to the piezotube which corresponds to p in Eq. ͑2͒.
After the tip comes into interaction with the sample surface under a feedback loop closed at a certain set-point level, the set-point level is changed and the values of V c and V p are acquired by a personal computer ͑PC͒, yielding a relation corresponding to aϭF( p) for the tapping mode ͑Fig. 3͒. Although slight deviations from linearity due to hysteresis are apparent, an almost linear relation between V c and V p is observed and the constant corresponding to ␣ in Eq. ͑3͒ is determined. For imaging a surface topography, V c and V p are acquired and combined by the PC according to Eq. ͑3͒ during scanning. To explain the synthesis, Fig. 4 shows three-dimensional ͑3D͒ surface images of V c , Ϫ␣V p and the combined signals obtained under a scanning frequency of 50 Hz and the LPF cutoff frequency of 400 Hz. We see that V c shows detailed features of the surface while Ϫ␣V p carries slowly varying components which arise mainly from the land-groove periodicity. Figure 5 shows similar data obtained under the LPF cutoff frequency of 1 kHz. The change in the LPF cutoff frequency noticeably affects images of V c and Ϫ␣V p while the synthesized topographies are basically the same as expected. That is, the LPF cutoff frequency, which determines the feedback bandwidth, influences only frequency bands shared by V c and V p .
In the fast AFM, information from the cantilever is, in principle, fully used for imaging by combining the control signal with the cantilever signal. In the AFM under feedback control, however, the narrow feedback bandwidth induces a trade-off between spatial resolution and scanning speed near the scanning frequency of a few Hertz. Since the small cantilever responds much faster than the feedback loop, and the cantilever signal bandwidth is fully used in the fast AFM, the scanning speed can be increased without sacrificing resolution. The cantilever signal used here resides essentially out of the feedback band and thus it is detected under the condition that the tip-surface interaction may depend on the topography. If the value of ␣ is definable and remains stationary across the surface, however, this dependency can be disregarded. Even if this dependency does exist, its effect would be smaller than in the contact mode AFM without feedback control because the feedback still works in the fast AFM. While it is difficult to apply the contact mode AFM without feedback control to soft materials, it is not quite as difficult to apply the tapping mode fast AFM to soft materials. That is, dynamic stiffness of the surface is higher at the frequency of the cantilever vibration than that in the contact mode AFM without feedback control. The fast AFM, however, is explicitly affected by ␣ for which-in principle-it is difficult to determine a unique value because of hysteresis. The fast AFM may also suffer wide-band noises in the cantilever signal.
In summary, we have developed a tapping mode fast AFM. As the signal bandwidth of the cantilever is fully used by combining the cantilever signal with the control signal, the scanning speed can be increased without sacrificing the resolution.
